Inducible resistance to erythromycin A (EM) has been described for certain clinically isolated strains of Staphylococcus aureus (2,3; B. Weisblum, in Microbiology -1974, p. 199-206 , American Society for Microbiology, Washington, D.C.). Exposure to subinhibitory concentrations of EM induces resistance to high concentrations ofEM plus other macrolide-, lincosamide-, and streptogramin B-type (MLS) antibiotics (2, 3, 21) , all ofwhich bind specifically to the 50S ribosomal subunit and inhibit ribosome function (14, 20) . EM does not induce resistance to nonmacrolide 50S ribosome inhibitors other than those cited or to 30S inhibitors (21) . Inducible resistance to macrolides and lincosamides also has been reported in clinically isolated strains of Streptococcus pyogenes (4, 24) .
Macrolide resistance (i.e., resistance to MLS antibiotics) in S. aureus is due to an alteration of the 50S ribosomal subunit (20) . Specifically, N6,N6-dimethyl adenine has been detected in 23S ribosomal ribonucleic acid (RNA) of inducible strains grown under inducing conditions and in constitutively resistant mutants grown in the absence of any inducer (6, 7) . Ribosomes from resistant cells show a decreased binding affinity for EM (7, 22) , and ribosome reconstitution experiments have established that methylation ofribosomal RNA is a cause rather than a result of resistance (8) .
Although methylation of ribosomal RNA provides an attractive explanation for the mode of macrolide resistance, little information is available to explain the specific mechanism of the induction process. Protein and RNA synthesis are required for induction, but synthesis of deoxyribonucleic acid is not (19, 22) . More- over, induced resistance is reversible and is lost when resistant cells are transferred and grown in an inducer-free medium (19, 22) . These findings suggest classical induction, but the possibility that macrolide resistance is induced via a direct interaction between EM and the ribosome cannot be ruled out.
In this paper, the measurement of induced EM-resistant protein synthesis is described. The method requires measuring rates of EMresistant [14C]leucine incorporation after exposure to subinhibitory concentrations of EM. Unlike measuring EM-resistant growth, this technique reflects directly the functional change due to the induced ribosomal alteration. In an accompanying paper (1) Fig. 1 . Incorporation was sensitive to the same minimal levels of EM (0.14 to 1.4 uM) required to inhibit growth ofthis strain (22) . Maximum but incomplete inhibition was obtained with 140 /,M EM. EM may be unable to completely inhibit incorporation because it has little effect on ribosomes actively synthesizing peptides (18) . Since the time course ofincorporation in the presence or absence of EM was linear during the first 2 min of the reaction (Fig. 1) , initial rates of incorporation in the presence of EM were used to estimate EM resistance in subsequent experiments.
[14C]leucine incorporation by S. aureus 1206 was sensitive to other MLS antibiotics providing that cells were grown in the absence of EM (Table 2 ). In contrast, incorporation by the constitutively resistant mutant was essentially insensitive to these drugs.
Induction experiment where inducer was added to earlylog-phase cells (data not shown).
The effect of inducer concentration on EMresistant incorporation is shown in Fig. 3 . The concentration of EM required for maximum induction was between 0.03 and 0.06 ,uM, with higher concentrations being less effective due to inhibition of protein synthesis and induction (see Fig. 1 and references 19 and 22) . Weisblum et al. (22) reported similar concentration optima for induction of colony-forming ability on EM-supplemented agar.
Induction of EM resistance in slowly growing or resting cells. Figure 4 illustrates the induction of EM resistance using stationaryphase cells. Both the rate and maximum level of EM-resistant incorporation increased relative to the uninhibited rates during the 2-h induction period. Initial rates of incorporation (Table 3) indicated that EM-resistant incorporation increased more than eightfold, whereas control (uninhibited) incorporation increased only twofold. (EM resistance is expressed as a percentage ofthe uninhibited rate in order to adjust for changes in rates of protein synthesis occurring during induction.) In repeated experiments (data not shown), the level of EM-resistant incorporation by cell suspensions incubated for 120 min without inducer remained between 10 and 20% of the uninhibited rate.
In Fig. 5 , rates of EM-resistant incorporation are plotted against time of induction. The data for this figure were taken from two separate experiments and include the data in Table 3 4. b Initial rates were calculated from the linear portions of the curves in Fig. 4 . Incorporation is expressed as in Table 2 .
c EM resistance is expressed as EM-resistant incorporation calculated as a percentage of the uninhibited rate.
EM-resistant translation of functional protein. Cells induced for resistance grow and divide in EM-containing media (19, 22) , indicating indirectly that the induced change allows synthesis of functional protein in the presence of antibiotic. The experiment illustrated in Fig.  6 Fig. 4 . b Uptake is expressed as counts/minute per milligram of protein x 10-2.
c Ratio of uptake in presence of EM to uptake in the absence of EM. ever, a close examination of the induction kinetics has been difficult since assay of resistance has depended on growth measurements.
In contrast to measuring the induction of an enzyme such as 18-galactosidase, where a gene product can be followed directly, antibiotic-resistant growth is at least several steps removed from the induced change. Furthermore, since the resistant phenotype is lost during growth in the absence of inducer (19, 22) a EM resistance was induced in S. aureus 1206 as described in Fig. 4 .
b Calculated as described in Table 3 . c Determined on the same cells by diluting and plating onto tryptone-glucose agar (22) with and without 140 ,tM EM and expressed as a percentage of the total population. resistance have required the continued presence of inducer. The reduced ability of ribosomes from resistant cells to bind EM and other macrolide antibiotics has been used to demonstrate induced resistance (13, 16, 22) , as has the increased resistance of these ribosomes to inhibition by macrolide antibiotics in cell-free protein synthesis (15) . Nevertheless, these methods do not easily allow for monitoring induction kinetics. In the present communication, rates of [14C] leucine incorporation by whole cells in the presence of 140 ,uM EM have been used to measure induction. Since this technique will reflect changes at the ribosome level, it should be a closer approximation of the induced event than is a measure of EM-resistant growth.
The studies of Weisblum and co-workers (6-8) indicate that both induced and constitutive resistance is due to the presence of N6,N6-dimethyl adenine in 23S ribosomal RNA. Although alternative models are possible, inducible resistance is most simply explained as induced synthesis of an enzyme capable ofN6,N6-dimethylation of adenine (Weisblum, Microbiology -1974, p. 199-206) . Rates of EM-resistant [14C]leucine incorporation are assumed to reflect the functional change due to induced methylation of RNA, and the extent of this ribosomal modification may or may not be directly proportional to the amount of methylating enzyme produced.
Experiments reported here tend to rule out alternative explanations for the observed increases in EM-resistant [14C]leucine incorporation. For example, induction of EM-resistant incorporation was accompanied by EM-resistant synthesis of penicillinase, indicating that incorporation measured in the presence of EM represents synthesis of functional rather than nonsense protein. Further, changes in amino acid transport cannot readily account for the observed changes in incorporation. Nor is it likely that resistance is due to a decreased uptake of EM, since although uptake 'of EM by resistant cells is reduced (22) , this reduction could be explained as a decreased affinity of the ribosome for the drug, resulting in reduced accumulation (13, 25) . There is no evidence to support the induction of an altered transport system to exclude macrolide antibiotics, nor has an EM-inactivating enzyme been detected in S. aureus (25) .
Several aspects of EM resistance induction, including concentration of inducer required, the inhibitory effects of high concentrations of inducer, and the time course of induction, bear a resemblance to the induction of penicillinase in gram-positive bacteria (5, 9, 12, 17) . The induction of EM resistance follows saturation kinetics, and the time course is similar to that reported by Leggate and Holms (9) for penicillinase induction in S. aureus. Both systems are characterized by an increasing differential rate of induction during logarithmic growth that appears to be maximum and constant when cells enter stationary growth. The kinetic similarities are consistent with the proposal that EM induces synthesis of an N6,N6-adenyl dimethylase.
The induction kinetics are subject to numerous interpretations, all of which are speculative at this point. The low differential rate at the start of induction in exponentially growing cells could be due to a rate-limiting step or steps in the ribosome modification process. A ratelimiting step could occur in the synthesis of a methylase-specific messenger RNA, or the methylation reaction itself could be limited by some step in ribosome formation. In fact, Lai and Weisblum (Fed. Proc. 31:455, 1972) showed that a precursor of the 50S subunit rather than the mature ribosome served as the substrate for methylation. Thus, a rate-limiting step in the maturation of 50S subunits could be rate limiting for induced methylation. It is unlikely that the initial low differential rate is due to induction of a system required for inducer transport since no such lag was observed when stationary-phase cells were induced. In the latter case, induction was linear.
The simultaneous measurement of EM-resistant colony formation and EM-resistant [14C]leucine incorporation (Table 5 ) during induction revealed several interesting properties of the induction process. Although less than 40o of the [14C[leucine-incorporating activity was resistant to EM after induction for 60 min, the entire culture had acquired EM-resistant colony-forming ability. Weisblum et al. (22) likewise demonstrated complete induction of EM-resistant growth in 60 min with this strain, which indicates that ribosome modification is not limited to a fraction of the cell population and occurs in essentially every cell. Furthermore, since EM-resistant colony-forming ability is observed when ribosome modification is less than complete, the expression of resistant growth must be dominant over sensitivity. If sensitivity were dominant, growth of cells where less than 40% of protein synthesis is resistant to EM should be inhibited by this drug.
Since cells showing low levels of EM-resistant incorporation are nevertheless able to grow in the presence of EM, the expression of EMresistant colony-forming ability may require that only a threshold level of ribosome modification be exceeded. For example, methylation VOL. 11, 1977 on November 1, 2017 by guest http://aac.asm.org/ Downloaded from of only one of the two or more proposed methylatable sequences in 23S ribosomal RNA (6) could be sufficient to allow expression of EMresistant colony-forming ability. Alternatively, if the number of methylated ribosomes rather than the extent of methylation is critical, methylation of only a few ribosomes might be enough, especially since in situ induction can continue during outgrowth on EM-containing agar (22) . Since induction occurs in stationaryphase cells, the earlier prediction (22) that resistant growth requires methylation of 50 to 75% of the ribosomes may be overestimated. Regardless of what the threshold level is, differences in methylation have been suggested previously (22) to explain differences in macrolide binding to ribosomes. Ribosomal 50S subunits from a constitutively resistant mutant were almost completely resistant to EM or lincomycin binding, whereas subunits isolated from induced cells were able to bind at least half as much EM or lincomycin as did uninduced sensitive cells. The extent of EM-resistant incorporation reported here for the induced strains and for the constitutive mutant are consistent with these binding studies. Incomplete methylation could help explain why ribosomes from the induced cells were not totally insensitive to EM binding (22) or to EM inhibition of [14C]leucine incorporation (Table 5) . Thus, although EMresistant colony-forming ability seems to be maximally induced within 60 min, the true rate of ribosome modification may be different and may be more accurately reflected by rates of induction of EM-resistant [14C]leucine incorporation. ACKNOWLEDGMENTS I thank Ken Christy and Janet Epp for their assistance in portions of this work.
